The TCL1 protooncogene is overexpressed in many mature B cell lymphomas, especially from AIDS patients. To determine whether aberrant expression promotes B cell transformation, we generated a murine model in which a TCL1 transgene was overexpressed at similar levels in both B and T cells. Strikingly, transgenic mice developed Burkitt-like lymphoma (BLL) and diffuse large B cell lymphoma (DLBCL) with attendant Bcl-6 expression and mutated J H gene segments at a very high penetrance beginning at 4 months of age. In contrast, only one mouse developed a T cell malignancy at 15 months, consistent with a longer latency for transformation of T cells by TCL1. Activation of premalignant splenic B cells by means of B cell antigen receptor (BCR) engagement resulted in significantly increased proliferation and augmented AKT-dependent signaling, including increased S6 ribosomal protein phosphorylation. Transgenic spleen cells also survived longer than wild-type spleen cells in long-term culture. Together these data demonstrate that TCL1 is a powerful oncogene that, when overexpressed in both B and T cells, predominantly yields mature B cell lymphomas.
T
he TCL1 (T cell leukemia 1) protooncogene is expressed in CD3 Ϫ CD4 Ϫ CD8 Ϫ precursor T cells and is extinguished at the CD4 ϩ CD8 ϩ stage of thymocyte development (1) . In B cells, TCL1 is first expressed in pro-B cells and remains high in naive mantle zone B cells of peripheral lymphoid tissues (1) (2) (3) (4) . Downregulation of TCL1 expression in follicle center centroblasts and centrocytes is followed by gene extinction in post-germinal center (GC) memory B cells and plasma cells (4, 5) .
Continued high-level TCL1 expression, because of chromosomal rearrangements, was implicated in mature peripheral T cell malignancies (6, 7) . Polyclonal and oligoclonal T cell expansions preceded clonal outgrowth by many years, suggesting that additional lesions were required for transformation (8, 9) . Supporting this tumorigenic mechanism, transgenic mice expressing TCL1-familymember proteins exclusively in T cells developed polyclonal T cell expansions before the evolution of clonal malignancies at 15 to 20 months (10, 11) . Overexpression of TCL1, or MTCP1 (mature T cell proliferation 1), in mouse T cells did not affect B cell development or produce B cell lymphomas. These findings indicate that aberrant expression of TCL1 or MTCP1 in T cells perturbs T cell homeostasis through cell autonomous pathways without inducing premalignant or malignant changes in bystander B cells.
About 15% of AIDS patients develop aggressive B cell nonHodgkin lymphoma (AIDS-NHL) (12, 13) . Most AIDS-NHL originate from GC or post-GC B cells, but the early events leading to AIDS-NHL remain poorly defined (13, 14) . Diffuse large B cell lymphoma (DLBCL) is the most prevalent type of AIDS-NHL, and these tumors generally lack consistent genetic and͞or viral tumorpromoting alterations. Recently, abundant TCL1 expression was shown in a high percentage of AIDS-NHL of post-GC origin (3, 4) . This discovery led us to postulate that TCL1 dysregulation could contribute to, and possibly initiate, B cell malignancies, especially in individuals with impaired immunity. To test our hypothesis we generated transgenic mice that abnormally express TCL1 throughout both B and T cell development. This model has allowed for a direct comparison of the strength of TCL1 transforming capacity in B cells as compared with T cells.
Materials and Methods
Generation of TCL1 Transgenic Mice. A 381-bp human TCL1 (hTCL1) coding sequence obtained by RT-PCR from an AIDSrelated B cell lymphoma was inserted into the vector pE-B29, creating pE-B29-TCL1 (3). The construct was injected into eggs from (C57BL͞6 ϫ C3H)F 1 females mated to C57BL͞6 males, and three transgenic founders were obtained.
Western Blot. Ten to 15 g of protein per sample was separated by SDS͞PAGE and Western blotted with anti-TCL1 sera by standard techniques (4) . Spleen cells were fractionated with anti-B220-coated microbeads (clone RA3-6B2, PharMingen) by using a magnetic bead sorting system (Miltenyi Biotec, Auburn, CA). B and T cell-enriched populations were Ͼ85% and Ͼ95% pure, respectively, by flow cytometry (data not shown).
Histologic Examination and TCL1 Immunohistochemistry. Tissue sections were stained with hematoxylin and eosin (H&E). Bone marrow (BM), blood smears, and ascites fluid were Wright-Giemsa stained. Paraffin sections were stained with antisera to TCL1, Bcl-6, and terminal deoxynucleotidyltransferase (3, 4, 15) . Tumor diagnoses used criteria generated by an international panel of experts in mouse and human hematopathology. Flow cytometry and molecular studies provided complementary and confirmatory data for each diagnosis. The closest counterpart of each transgenic mouse diagnosis described here to the new World Health Organization human lymphoma classification is shown in Table 1 .
Flow Cytometry. Suspensions from blood, BM, spleen, lymph node, or thymus were depleted of red cells, blocked with anti-Fc␥II͞III receptor antibody, and surface-stained with phycoerythrin-or FITC-conjugated antibodies from PharMingen. For triple staining, streptavidin conjugated to energy-coupled dye (ECD; Immunotech, Westbrook, ME) was used. Data were analyzed by using FCS EXPRESS (De Novo Software, Thornhill, ON, Canada).
Clonality Determination. IgH, T cell antigen receptor (TCR)-␤, and TCR-␥ rearrangements were determined by high-fidelity PCR This paper was submitted directly (Track II) to the PNAS office.
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using primers as described, followed by 1.2% agarose gel electrophoresis (16) . Genomic DNA was isolated by using a DNeasy Tissue kit (Qiagen, Chatsworth, CA). Gel-purified PCR products were cloned into the pCR2. ]thymidine for 12 h and harvested onto glass fiber filters, and cpm was determined. For survival assays, cells were incubated for the indicated number of days and viability was determined by the addition of annexin V and propidium iodide, followed by flow cytometry. 
Results
Transgenic Mice Express TCL1 in B Cells and T Cells at Equal Levels. The genetic background, timing, and strength of TCL1 expression that might cause B cell tumors in mice have not been defined. Because broad developmental expression of TCL1 could be critical for inducing B cell malignancies, an expression construct was created by using the B29 minimal promoter, coupled to the IgH intronic enhancer (17, 18) . This construct was designed to yield similar levels of TCL1 in B cells and T cells. We performed this study in a (C57BL͞6 ϫ C3H)F 1 background because this mixed strain is permissive for both B and T cell tumor formation (19) .
Mice expressing a hTCL1 cDNA were generated with a 2.5-kb pE-B29-TCL1 construct (Fig. 1A) . Two independent founders, designated K and P, were used to generate lines for study. Three-month-old hTCL1 mice showed abundant TCL1 protein expression in lymphoid tissues, whereas no expression was detected in nonlymphoid tissues ( Fig. 1 B, D, and E) . The level of TCL1 expression in BM, thymus, and spleen was similar within hTCL1 lines and within purified B cells and T cells ( Fig. 2 and data not shown). Flow cytometric analysis of wild-type and hTCL1 BM indicated no differences in lymphoid lineage development (data not shown). Overall, the data indicate that TCL1 expression in early and mature lymphocytes resulted in a modest increase of WBC counts in P line mice and no detectable effect on lymphoid organ morphology in hTCL1 mice up to 3 months of age ( Fig. 8 , which is published as supporting information on the PNAS web site).
Lymphoproliferative Disorder in Older hTCL1
Mice. In all, 34 K line mice were generated, of which 30 were killed after becoming visibly ill at 12.4 Ϯ 3.4 months of age. Seventeen of these mice were necropsied and demonstrated spleen weights averaging a 7.8-fold increase over wild-type spleen weights (Table 3 , which is published as supporting information on the PNAS web site). Two mice became ill at 4 months with WBC counts that were 7-to 12-fold higher than WBC counts observed in wild-type mice. Most hTCL1 mice appeared ill between 7 and 13 months and, on average, had a 5.5-fold increased WBC count compared with that of wild-type mice. Two 6-month-old P line mice had WBC counts Ͼ300 ϫ 10 4 per ml and became visibly ill at 9 and 12 months of age (Table 2) . Wild-type mice never appeared ill and WBC counts never exceeded 200 ϫ 10 4 per ml during this study. Wright-Giemsa-stained blood smears from ill hTCL1 mice demonstrated numerous lymphocytic blasts (data not shown). Necropsies of hTCL1 mice demonstrated variable splenomegaly, lymphadenopathy, and macroscopic lesions of the liver, lung, kidney, and intestines (Fig. 3) . Microscopic examination confirmed that these lesions were multiorgan, TCL1-positive lymphocytic infiltrates. Most hTCL1 mice had splenic and nodal effacement because of a diffusely infiltrative process. BM and thymic infiltrates were also observed in several cases. Periportal, perivascular, and sinusoidal liver infiltrates were common, as was involvement of other solid organs. Collectively, the data indicate that these mice developed lymphoproliferative disease significantly more rapidly and more frequently than transgenic mice expressing either TCL1 or MTCP1 exclusively in T cells (10, 11) .
Clonal B Cell Malignancies Beginning at 4 Months of Age. hTCL1 mice with lymphoproliferative disorders contained polyclonal expansions of B and T cells (data not shown). However, some mice had splenomegaly with monotypic B cell populations as determined by flow cytometry. Results from mouse K10 are shown, whereas data for additional mice are summarized in Table 3 . The spleen from K10 contained about 75% IgM ϩ B220 lo CD5 lo B cells (Fig. 2) . These cells did not express Mac-1 or Gr-1, and T cells constituted Ͻ5% of total spleen cells. This monotypic B cell population also accounted for 15% of the total lymphocytes in the thymus. By forward scatter plot analysis, these cells were larger than spleen cells from wild-type or unaffected hTCL1 mice.
To determine whether these monotypic expansions were clonal, PCR analysis of rearranged TCR and Ig diversity and junction regions was performed (Fig. 4 and data not shown) . Clonal or oligoclonal gene rearrangements were detected for IgD-J junctions in 9 of 16 mice tested (Table 3 ). Spleen cells from 7 mice, and both liver and spleen cells from mouse K7, showed clonal Ig rearrangements. Two mice demonstrated oligoclonal Ig rearrangements and mouse K8 demonstrated oligoclonal TCR bands in addition to a DJ H 2 rearrangement. Studies of Ig gene rearrangements in the remaining 7 mice revealed, in most cases, evolving oligoclonal or Forward-angle light scatter shows that monotypic IgM ϩ B220 lo CD5 lo B cells are significantly larger than 6-week-old wild-type and hTCL1 spleen cells. Wildtype 12-month-old spleen cell and thymocyte marker and size profiles were similar to those for younger wild-type and hTCL1 mice (data not shown). Mice were grouped by type and age. WBC counts and spleen weights were determined by standard methods. WT, wild-type; K ϩ͞Ϫ, line K heterozygotes; P ϩ͞Ϫ, line P heterozygotes; Tumor injection, 5-month-old (C57BL͞6 ϫ C3H)F 1 wild-type male mice injected with 10 7 K7 ascites cells i.p., and necropsied at 6 weeks after injection.
clonal expansions, detected by changes in band intensities, and associated with monomorphic B cell populations detected by flow cytometry.
Histopathologic analyses revealed the occurrence of different lymphoma types, almost always derived from mature B cells. These included DLBCL with histiocyte-associated (HA) and T cell-rich (TR) features, Burkitt-like lymphomas (BLLs), and follicular lymphoma (20, 21) . Confirmation that these tumors were of mature B cell origin was performed by immunohistochemical analyses. All three lymphoma types exhibited strong Bcl-6-positive and terminal deoxynucleotidyltransferase-negative staining (Fig. 9 , which is published as supporting information on the PNAS web site). Furthermore, each tumor type demonstrated somatic hypermutation in J H region sequence analysis (Table 4 , which is published as supporting information on the PNAS web site). Tumors showed ongoing mutations both within and outside of mutational ''hot spots,'' indicating a lack of antigen-driven selective pressure as seen in malignant transformation. Combined, the data are consistent with the generation of GC-derived B cell lymphomas of multiple types.
Demonstration of Complete B Cell Transformation. Tumor ascites developed in three hTCL1 mice between 10 and 12 months of age ( Fig. 10 and Table 3 , which are published as supporting information on the PNAS web site). Ascites cells from mouse K7 were grown in culture for Ͼ3 months and chosen for extended analysis. Immunoblotting showed abundant TCL1 protein in tumor cells, whereas f low cytometric analysis indicated that the cells were IgM ϩ B220 lo CD5 lo . Surface staining for Mac-1, Gr-1, CD3, CD4, and CD8 was negative (data not shown). To demonstrate transformation, isolated ascites cells were injected i.p. into three syngeneic wild-type males. At 6 weeks after injection all three mice became visibly ill. Immediately before killing, WBC counts were 10-to 20-fold higher than in age-matched mice. At necropsy each mouse showed abundant ascites and enlarged spleens ( (Fig. 10) . Clonality studies demonstrated retention of the DJ H 4 Ig rearrangement (data not shown). These results indicate that aberrant expression of TCL1 within the B lineage induced transformation of peripheral B cells as evidenced by the establishment of a TCL1-positive clonal B cell line.
Splenic B Cells from Young hTCL1 Mice Exhibit Increased Proliferation.
Prior in vitro and transformed cell studies suggest that TCL1 and AKT interact (22, 23) . In addition, AKT activation plays a key role in immune receptor-mediated lymphocyte proliferation and survival (24-26). We therefore evaluated the response of nontransformed B cells from hTCL1 mice and age-matched controls to B cell antigen receptor (BCR) engagement and to treatment with LPS. Splenic B cells proliferated strongly and in a dose-dependent response to LPS or anti-IgM treatments (Fig. 5 A and B) . The proliferative response was consistently 2-to 3-fold higher than wild-type B cells with both anti-IgM and LPS stimulations. In preliminary studies, splenic T cells from hTCL1 mice responded more strongly and in a dose-dependent manner to TCR stimulation or Con A treatments than did wild-type T cells (K.K.H. and M.A.T., unpublished work). Combined, these data indicate that TCL1 augments B cell (and T cell) proliferation through immune receptor stimulation.
TCL1 Protects Transgenic Spleen Cells from Apoptosis.
Isolated hTCL1 spleen cells showed increased survival in week-long culture compared with spleen cells from age-matched controls (Fig. 5C) . The percentage of input B and T cells was equivalent to the percentage of each cell type remaining viable in culture after 7 days as determined by flow analysis (data not shown). The data argue that aberrant TCL1 expression protects both B and T cells from cell death to the same extent. Combined with our preliminary T cell stimulation results, the data suggest that TCL1-induced B and T cell expansions likely result from similar mechanisms (10, 11) .
AKT and S6 Phosphorylation Are Elevated in hTCL1 Mice. We next evaluated the role for TCL1 overexpression in AKT-dependent immune receptor signaling. Nontransformed spleen cells from hTCL1 and wild-type mice were stimulated by BCR engagement (Fig. 6A) . Stimulation with anti-IgM resulted in AKT phosphorylation that peaked between 2 and 10 min in both hTCL1 and wild-type spleen cells. Phospho-AKT levels in hTCL1 spleen cells were equal to or higher than wild type at all time points tested, with the mean being Ϸ25% higher than wild-type spleen cells. Some assays showed phospho-AKT levels that were up to 90% higher in hTCL1 compared with that of wild-type spleen cells. Occasional hTCL1 mice contained spleen cells with elevated phospho-AKT levels before stimulation by BCR ligation. These results indicate that AKT phosphorylation levels ranged narrowly between assays but were consistently higher in hTCL1 B cells and that TCL1 did not significantly alter the kinetics of AKT activation through BCR stimulation. Notably, the increased activation of AKT seen here in B cells appears roughly equivalent to the level of augmented AKT activation in PTEN-null T cells (27) .
The phosphorylation status of the ribosomal protein S6 was determined as an indicator of augmented AKT activation by TCL1 (Fig. 6B) . For comparison, the phosphorylation of ERK1 and ERK2 was determined because ERK signaling proteins are activated by RAS-dependent, AKT-independent pathways (28). Anti-IgM-stimulated splenic B cells showed a time-dependent increase in S6 phosphorylation that peaked after 10 min. hTCL1 B cells demonstrated higher levels of S6 phosphorylation at each time point assayed. By contrast, the anti-IgM dependent increase in ERK1 and ERK2 phosphorylation was equivalent in hTCL1 and wild-type B cells. Together, these results implicate TCL1 overexpression in the augmented activation of PI3K pathway-dependent AKT and p70S6 kinases exclusive of the ERK activation pathway. These results suggest at least one potential mechanism for TCL1 activity in promoting peripheral B cell malignancies.
Discussion
The findings we provide here demonstrate that TCL1 is a powerful B cell oncogene. TCL1 overexpression in two independent transgenic lines promoted high-frequency and rapid development of multiple mature B cell lymphoma types. The tumorigenic mechanism depends, at least in part, on enhanced signaling through phosphatidylinositol 3-kinase, resulting in increased AKT and p70S6 kinase activity.
Premalignant TCL1-positive splenic B and T cells were not immortalized and, although they demonstrated increased survival, did not indefinitely grow in culture. By contrast, transformed ascites B cells were readily established as cell lines and induced identical tumors after transplantation. These findings agree with our prediction that inappropriate TCL1 levels provide a survival and proliferative advantage to premalignant mature B cells (3, 4) . The B cell tumors observed here were classified as follicular B cell lymphoma (FBL), BLL, or DLBCL, consistent with a GC or post-GC B cell origin. They also consistently had an activated, IgM ϩ B220 lo CD5 lo mature B cell phenotype, demonstrated somatic hypermutation, and strongly expressed Bcl-6. Notably, CD5 expression in these tumors is not indicative of a chronic lymphocytic leukemia͞low-grade lymphoma (CLL͞SLL) or mantle cell lymphoma as it is in humans, and more likely represents expression of an activation marker because over 80% of mouse B cell lymphomas of all types express CD5 (21) . Also, B cell CLL͞SLL is Bcl-6 negative in humans and mice.
Despite similar expression of the TCL1 transgene in both mature T and B cell populations, a striking observation was the rapid rate, high frequency, and essentially exclusive development of B cell tumors. This malignancy rate far exceeded the rate and frequency of T cell tumors observed in previous TCL1 or MTCP1 transgenic T cell models at older ages (10, 11) . Notably, this predilection for B lymphomas occurred despite the fact that both transgenic B and T cells (K.K.H. and M.A.T., unpublished work) proliferated strongly in response to immune receptor stimulation and showed increased survival in extended culture compared with that of wild-type spleen cells. The mechanisms responsible for the enhanced oncogenicity of TCL1 in B cells compared with T cells were not identified. However, the observed results suggest some testable models. The preference for B cell tumor formation could be because of the generation of secondary mutations that occur more frequently in B cells vs. T cells, consistent with our finding of evolving somatic mutations in Ig genes of several tumor lines (Table  4 ). An attractive source for such mutations would be errors in the GC hypermutation events that drive antibody affinity maturation. Such errors occur at moderate frequencies in B cell development and result from mistakes in double-strand break repair during somatic hypermutation and class switching, leading to point mutations, translocations, and probably additional types of chromosomal aberrations (29) (30) (31) . The lack of a similar error-prone mechanism for TCR diversification, coupled with the absence of tumors from pre-GC stages of B cell development, is consistent with this proposal. Another testable hypothesis is that the early appearance of B cell lymphomas may preclude the appearance of T cell lymphomas that appear only with longer latencies. Consistent with this idea, mouse K11 had a polyclonal T cell expansion and might have developed a T cell neoplasm had it not developed a clonal B cell malignancy that resulted in morbid illness at 12 months. In addition, one mouse, K16, did not develop a B cell lymphoma but, rather, had a CD8 ϩ T cell malignancy at 15 months. The absence of complementing mutations that contribute to early development of B cell malignancy may underlie the development of a T cell tumor in this mouse at a later age. The molecular mechanisms by which dysregulated TCL1 induces lymphoid malignancies are emerging. Recently, TCL1 was shown to associate in a multimeric complex with AKT serine͞threonine kinase family members (22, 23, 32) . This association resulted in a dose-dependent augmentation of AKT activation and suggested that TCL1-induced activation of AKT might be critical for TCL1-induced neoplasia. Activated AKT was previously shown to increase cell survival and proliferation through the phosphorylation of numerous substrates in distinct signaling pathways (33) (34) (35) (36) (37) . Conflicting results, however, have been reported from in vitro studies with regard to TCL1 modulation of AKT targets. Overexpressed TCL1 lead to an increased phosphorylation of AKT target substrates FKHR, GSK3-␤, and BAD in some studies, whereas others indicated no effect on the AKT target substrates p70S6 kinase, BAD, IB, and NUR77 (22, 23, 38, 39) . Therefore, it has remained unresolved as to whether dysregulated TCL1 expression in premalignant lymphoid development had an effect on AKT activity and target substrates. These findings also created some uncertainty about a potential mechanism for TCL1-induced tumor formation.
The present study in nontransformed B lymphocytes shows that TCL1 augments phosphorylation of an AKT downstream target substrate, S6 ribosomal protein, and is consistent with the notion that hyperactivation of the phosphatidylinositol 3-kinase pathway is at least part of the mechanism for initiating transformation. It has been suggested that overactive p70S6 kinase may have oncogenic potential, possibly by affecting S6-regulated protein translation and cell size (40, 41) . However, one study reported no effect on p70S6 kinase activity with TCL1 overexpression in 293 T cells (23) . The disparity between results reported here and those of Pekarsky et al. (23) could indicate a cell type or transformation-state dependence on the outcome of TCL1 overexpression in regulating p70S6 kinase activity. Membrane-linked AKT has been shown to directly activate p70S6 kinase, whereas PDK1 phosphorylates p70S6 kinase when AKT is cytosol-restricted (42) (43) (44) . Recently, we have shown that AKT and TCL1 interact optimally at the cytoplasmic membrane in transformed B cells (45) . Combined, these colocalization results and the sequential activation of AKT followed by p70S6 kinase (Fig.  6) suggest a model in which TCL1-mediated hyperactivation of AKT directly increases p70S6 kinase activity. Additional support for this direct model is provided by the studies of Laine et al. (32) , which showed that TCL1 does not interact directly with PDK1 (22, 32) . However, it still remains possible that TCL1 has AKTdependent and AKT-independent pathway activation effects, potentially through direct interactions with p70S6 kinase or additional PDK1 target substrate molecules.
Finally, B cells from patients with AIDS are chronically stimulated by antigens and develop into aggressive mature B-NHL at a very high rate. Many of these tumors contain aberrantly high levels of TCL1 expression. Secondary mutations required for malignancy could be generated by somatic hypermutation in HIV-altered GC reactions. This situation is similar to the high rate of mature B cell lymphomas detected in the TCL1 transgenic model presented here and predicts that TCL1-induced B cell neoplasia may be dependent on faulty DNA repair reactions and cell selection mechanisms in the GC. One compelling test of this prediction is to analyze mice that dysregulate TCL1 but fail to form GCs.
